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A laboratory investigation of two-phase relative perme­
ability in idealized fractures was conducted using a simple 
fracture model consisting of smooth, parallel glass plates 
with a gap. The fracture model was filled with a wetting- 
fluid which was displaced with water dyed blue, injected at a 
known, constant rate. Miscible and immiscible displacements 
were investigated. The experimental process was recorded 
using a camera and video-recorder. Digitized images were 
transferred to an Apple Macintosh computer for measurement of 
the phase saturations, using an image processing technique.
The method used for calculating relative permeability 
ratios relied on the displacement technique proposed by Welge1 
which uses the frontal advance fluid-flow theory. Absolute 
permeability for both fluids was assumed to be the same. 
Previous research has demonstrated that single-phase fluid 
flow in smooth fractures is only a function of the fracture 
width (so-called cubic law).
Results of this research show that:




2) Relative permeability is not a linear function of 
saturation.
3) Fracture gap, fracture geometry, fracture orientation, 
fluid rate, fluid type, fluid viscosity and mobility ratio 
have an effect on the relative permeability measurement.
4) A relationship of increasing relative permeability ratios 
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Fluid flow in fractured geologic formations is of 
interest to petroleum engineers, to geologists in groundwater 
movement and to environmental engineers in assessing movement 
of hazardous wastes into ground water. In the petroleum 
industry, hydrocarbon production from fractured reservoirs 
represents a significant portion of the oil and gas produced 
in the United States and throughout the world each year. With 
the recent widespread use of horizontal wells to drain 
naturally fractured reservoirs more effectively, a basic 
understanding of fluid flow in fractures has become a necessi­
ty.
Relative permeability data are critical in predicting the 
flow rate of one phase in the presence of another. Two-phase 
relative permeability behavior in fractures is therefore of 
considerable importance in effectively estimating production 
rates from dual-porosity, dual-permeability reservoir simula­
tion models.
Studies of relative permeability in fractures have been 
conducted by Romm (1966), Merrill (1972), Pruess and Tsang
(1990) , Persoff, Pruess and Meyer (1991) , and McDonald, et al.
(1991). Results from these studies have been conflicting,
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since Pruess and Tsang4 and McDonald, et al.6 showed strong 
interference between phases while Romm's2 results showed no 
interference. To date however, straight-line relative 
permeability curves resulting from Romm's early work still 
provide the basis for most applications of relative permeab­
ility in fractures.
As a result of the conflicting results, it is important 
that the concept of relative permeability be reassessed from 
a basic starting point. It is with this view in mind that the 
present research was undertaken: To start with basic concepts
and to develop them to the point where useful and reliable 
relationships can be reached.
Objectives
The following are the objectives of this research:
1) To demonstrate that video-imaging can be used to measure 
saturation in a Hele-Shaw cell.
2) To investigate whether or not relative permeability is a 
linear function of saturation.
3) To investigate various experimental parameters which can 
affect the measurement of relative permeability.
4) To attempt to show a relationship between relative perme­
ability ratios and viscosity ratios.
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Applications
Applications of this work reside in the area of reservoir 
simulation, in calculating two-phase production from fraction­
al flow, and in predicting recovery from coal-bed methane 
reservoirs.
Method of Investigation
All of the research conducted to date have sought to 
investigate two-phase flow in fractures by analyzing this 
complex system in its totality. This has led to conflicting 
results (Romm2 and Pruess and Tsang4) . The approach adapted 
in this research, was to start with a simple, smooth, paral- 
lel-plate glass model representing an idealized fracture. The 
effect on relative permeability ratio measurement of each of 
the following parameters was demonstrated:
1) Fracture Shape (geometry).
2) Fracture Gap (aperture).
3) Fracture Orientation (vertical, horizontal).
4) Fluid Injection Rate.
5) Fluid Viscosity.
6) Fluid Type (miscible or immiscible).
7) Mobility Ratios.
To accomplish this, experiments were devised in each 
instance (Table 1) where all parameters except the one under
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TABLE 1. MATRIX OF EXPERIMENTS
RUN POSITION FLUID VISCOSITY FRAC SIZE MOBILITY RATE GAP 
TYPE RATIO RATIO (al/ain) in.
FLUID TYPE
1. HORIZ VATER/GLY 3.5:1 1"X4" M> 1 0.1 0.001
2. HORIZ WATER/EERO 3.5:1 1 "X4" M>1 0.1 0.001
3. HORIZ VATER/GLY 15:1 1 "X4" M>1 0.1 0.001
4 - HORIZ WATER/M. 0. 15:1 1"X4" M>1 0.1 0.001
FLUID RATE
5. HORIZ WATER/GLY 10:1 1 "X4" M>1 0.03 0.001
6. HORIZ WATER/GLY 10:1 1 "X4" M>1 0.01 0.001
7. HORIZ WATER/GLY 22:1 1 "x4" M>1 0.03 0.001
8. HORIZ WATER/GLY 22:1 1 "X4" M>1 0.01 0.001
FRACTURE SIZE
9. HORIZ WATER/GLY 10:1 lmX4" M>1 0.03 0.001
10. HORIZ WATER/GLY 10:1 1 "X9" M>1 0.03 0.001
11. HORIZ WATER/GLY 10:1 1/2 "X4 " M>1 0.03 0.001
12. HORIZ WATER/GLY 22:1 1 "X4 " M>1 0.03 0.001
13. HORIZ WATER/GLY 22:1 1 "X9" M>1 0.03 0.001
14. HORIZ WATER/GLY 22:1 l/2uX4m M>1 0.03 0.001
FRACTURE GAP
15. HORIZ WATER/GLY 10:1 1"X4" M>1 0.03 0.001
16. HORIZ WATER/GLY 10:1 1"X4" M>1 0.03 0.005
17. HORIZ WATER/GLY 22:1 1 "X4" H>1 0.03 0.001
18 HORIZ WATER/GLY 22:1 1 "X4" M>1 0.03 0.005
FRACTURE ORIENTATION
19. HORIZ WATER/GLY 10:1 1"X4" M>1 0.03 0.001
20. VERTICAL WATER/GLY 10:1 1 "X4" M>1 0.03 0.001
21. HORIZ WATER/GLY 43:1 1"X4" M>1 0.03 0.001
22. VERTICAL WATER/GLY 43:1 1"X4" M>1 0.03 0.001
MOBILITY RATIO
23. HORIZ WATER/GLY 10:1 1"X4" M>1 0.03 0.001
24. HORIZ WATER/GLY 1:10 1 "X4 " H<1 0.03 0.001
FLUID VISCOSITY
25. HORIZ WATER/GLY 5 1 1 "X4 " M>1 0.03 0.001
26. HORIZ WATER/GLY 10 1 1 "X4" M>1 0.03 0.001
27. HORIZ WATER/GLY 22 1 1 "X4 " M>1 0.03 0.001
28. HORIZ WATER/GLY 43 1 1"X4" M>1 0.03 0.001
29. HORIZ WATER/GLY 5 1 1"X4" M>1 0.01 0.001
30. HORIZ WATER/GLY 10 1 1 "X4" M>1 0.01 0.001
31. HORIZ WATER/GLY 22 1 1"X4" M>1 0.01 0.001
32. HORIZ WATER/GLY 43 1 1"X4" M> 1 0.01 0.001
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under consideration were kept constant. A total of 108 exper­
iments were run consisting of a combination of varying rates, 
viscosities and fluid types in different geometries and 
orientations. From this list, 32 were selected from the 
matrix mentioned above for analysis. For the study of 
miscible fluid type, glycerol of varying viscosities was used. 
For the study of immiscible fluids, water and kerosene and 
water and mineral oil was used.
After demonstrating the magnitude of the effect that each 
parameter introduced on the relative permeability ratios, the 
study proceeded to an in-depth investigation of viscosity 
ratios. Using the lMx4" model (largest aspect ratio (L/W) 
with the least edge interference effects), along with the 
0.001 inch fracture (mean reported fracture aperture found in 
reservoirs7) , and miscible fluids, an investigation of the 
variation of relative permeability ratios with fluid viscosity 
was conducted. Viscosity ratios (Ma//0 °f 10> 22 anc* 439 "
were examined.
Relative permeability ratios were analyzed using the 
Welge1 interpretation of the Buckley-Leverett theory involving 
a displacement process. Barriers to the measurement of 
instantaneous phase saturations encountered in the past2, were 
overcome by using a new method of image processing of recorded 
images8 during the displacement process.
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Results
The results demonstrate the magnitude of the effect of 
each parameter on relative permeability ratio and provide a 
data base for use in further studies on fluid flow in frac­
tures. New light was shed on the differences or similarities 
of the relative permeability concept of flow in porous medium 
as applied to a fractured medium. The correlation of fluid 
viscosity ratio with relative permeability ratios was directly 
applicable in fractured reservoir simulation.
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LITERATURE SURVEY AND BACKGROUND
Comprehensive work on flow through open fractures was 
conducted by Lomize (1951) . His work involved the use of 
smooth parallel glass plates to demonstrate the validity of 
the cubic law. In the second phase of his work, he examined 
the effect of roughened surfaces and introduced the concept of 
epsilon (e), which relates the roughness factor to fluid flow.
Basic experimental research into the relative permeability 
of fractures has been limited to four researchers within the 
last 25 years. Three consisted of laboratory experiments and 
the fourth used computer-aided mathematical modeling.
The first published work on the subject was conducted by 
Romm2, who measured relative permeability of narrow cracks in 
a laboratory experiment. He divided an idealized fracture 
into a number of parallel fractures of 2 to 3 mm widths to 
"bring about a high degree of disintegration of the phases". 
Water and kerosene mixtures of various proportions were passed 
through the fracture at velocities of 11 to 16 cm/sec. Satur­
ations were measured by using the variation of resistivity to 
an electric current.
He found that relative permeability appeared to be a 
linear function of saturation, implying virtually no phase
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interference between the fluids. Figure 1 shows a plot of his 
results for fracture widths from 65 to 125 microns. Today, 
this conclusion is still referenced, despite the fact that 
Romm appears to have forced the issue by ensuring that the 
fluids remained "disintegrated".
Next, Merrill3 at the University of Denver tried to cor­
relate relative permeability of fractures with pressure drop. 
He was unsuccessful in his attempt and gave several reasons. 
His research nevertheless raised valid questions relating 
to Romm's conclusion regarding the applicability of relative 
permeability to a fractured medium.
Two researchers, K. Pruess and Y.W Tsang4, working at the 
Lawrence Berkeley Laboratory, arrived at a conceptual and 
numerical model for multi-phase flow in fractures. They simu­
lated a fracture as a 2-dimensional medium characterized by a 
log-normal aperture distribution as a function of posit- ion. 
A parallel plate approximation was used to predict phase oc­
cupancy and permeability for the discretized regions of the 
fracture. Numerical simulation was then used to synthesize 
multi-phase flow on a larger scale from known phase occupancy 
and permeability characteristics of the individual parallel 
plate segments. Their results (Figure 2) showed that contrary 
to Romm's work, interference between fluid phases flowing in 
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FIGURE 2. SIMULATED RELATIVE PERMEABILITIES FOR
DRAINAGE WETTING AND NON-WETTING PHASE 
(FROM PRUESS AND TSANG 4)
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non-wetting phase relative permeabilities being considerably 
less than 1.0 at intermediate saturations.
More recently, results were presented by A.E. McDonald, 
et al.6 (Figure 3) which showed non-linear relative permeabil­
ity in a naturally fractured limestone core using nuclear 
magnetic resonance techniques. Also, Persoff, Pruess and 
Meyer5, working at the Lawrence Livermore Laboratories, have 
provided information on the set-up and testing of fracture 
apparatus to measure relative permeability. Their work is in 
the preliminary stages and is not reported herein.
From these conflicting results has risen a strong need to 
direct basic experimental research to help clarify some of 
these opposing positions. In the following sections, concepts 
related to relative permeability and its measurements will be 
defined. In addition, details of the apparatus, experimental 
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FIGURE 3. RELATIVE PERMEABILITY FOR FRACTURED LIMESTONE 
(FROM MCDONALD, ET AL.6 )
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THEORETICAL CONCEPTS
Absolute Permeability in Fractures
The ability of a fracture to conduct a fluid when the 
saturation of that fluid is 100 percent of the space is known 
as the absolute permeability of that fracture to that fluid. 
The effective permeability of the fracture to the fluid is the 
permeability when the fluid has a saturation of less than a 
100 percent.
The permeability of single-phase flow in fractures has 
been studied extensively by researchers, beginning with Lomize 
(1951), Snow (1965), Romm (1966) , Louis (1969), Bear (1972) 
Witherspoon (1980), Jones, Wooten, and Kaluza (1988). These 
workers have all conclusively shown that for steady-state, 
isothermal, laminar flow between parallel glass plates the 
permeability is given (for any consistent set of units) by:
K = bl12 (1)
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where: K = absolute permeability
b = fracture gap (aperture)
This is known as the Cubic Law. The result provided by these 
valuable studies is used by the present research.
Relative Permeability in Fractures
Relative permeability is defined as the ability of a 
porous medium to conduct a given fluid at a partial saturation 
of that fluid, referred to the ability of the same medium to 
conduct the fluid at full saturation. This is expressed in 
the following equation:
K kZj dp 
(x dx
(2)
where: Vj = fluid velocity
K = absolute permeability
krj = relative permeability
to = pressure gradient
= viscosity of fluid
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Relative permeability is determined experimentally and is 
a strong function of saturation. It is required therefore, 
that the fluid saturation at various times during the displac­
ement process be measured.
The concept of relative permeability was devised specifi­
cally for the flow of fluids in porous medium. When applied 
to a fractured medium the concept becomes less defined because 
of a belief that fracture porosity is 100 percent. At this 
porosity, it is assumed that fluids can flow unimpeded, with 
each seeking its own portion of the pore space. It is now 
known, however, that flow of fluids in a fracture takes a 
complex path through inter-connecting and non-connecting chan­
nels .
Direct evidence of what actually occurs have only recen­
tly been discovered by researchers Tsang and Tsang15, Long and 
Witherspoon17, Pyrak, Meyer and Cook18, and Burke et al.19. 
For instance, in an experiment conducted by P.J. Burke on a 
Field in Cornwall, it was shown that flow in a single fracture 
took place only in a number of limited channels amounting to 
only 10 percent of the total flow area of the fracture pore 
space. This experiment indicated that the flow of fluids in 
a fracture is not unlike the flow of fluids in a regular 
porous medium.
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When looked at in the simplest form and before multiple 
systems can be considered, it is necessary that flow through 
a single fracture be first understood. Results from this 
research project sheds light on the behavior of two-phase flow 
in this simple form and supplies evidence to support the 
theory that flow in fractures is similar in nature to flow in 
a porous medium.
Relative permeability in a porous medium is normally 
measured on a core which is only a small portion of the actual 
reservoir rock. The measurement made on this sample, there­
fore, does not fully represent the cross-section of conditions 
in the reservoir. When relative permeability of fractures is 
considered however, because orientation, width and length are 
all taken into consideration, the relative permeability con­
cept for fractures has considerably more meaning.
Relative Permeability Ratio
For this research relative permeability ratios were measu­
red. The relative permeability ratio expresses the ability of 
a porous media to permit flow of one fluid as related to its 
ability to permit flow of another fluid under the same cir­
cumstances. Both quantities are determined simultaneously for 
a given system. Relative permeabilities are generally plotted 
on semi-log paper because of the wide variation of the values
T-4203 17
with saturation. The plot commonly possesses a straight line 
portion in the middle where the ratios are changing rapidly 
with saturation. Figure 4 shows an example of a typical 
relative permeability ratio curve for an oil water mixture in 
a porous medium, presented by Craft and Hakwins (1959).
Fractional Flow
In measuring relative permeability ratios by a displace­
ment process, it is necessary to know the fractional flow of 
the displacing fluid. Fractional flow is defined as the volu­
metric flow-rate of one fluid flowing out of a portion of the 
cell, designated as the outflow face, divided by the total 
flow-rate of wetting and non-wetting fluid passing through the 
outflow face of the cell. The fractional flow concept is 
valid only after breakthrough has occurred.
Welge1 developed relationships between the average satur­
ation, the producing end or outflow face saturation, and the 
amount of fluid injected. From this experimental data, the 
ratio of the producing fluids and the relative permeability 
ratio can be calculated. This ratio can then be related to 
the corresponding outflow face saturation.
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Miscible and immiscible fluid systems were examined during 
this project, so an understanding of their differences is 
essential. The basic difference between the two is that 
miscible fluids are mutually soluble (there can be various 
degrees of mixing) with low interfacial tension, and conse­
quently low capillary pressure. Immiscible fluids show little 
or no solubility, resulting in high interfacial tension and 
correspondingly high capillary pressure between the fluids.
From a more quantifiable standpoint, these systems can be 
looked at from a dimensionless group called the capillary 
number, which relates the viscous forces to capillary forces 
in the system as follows:
(3 )
C* a
where: Cg = capillary number
/x = fluid viscosity 
a = capillary pressure 
v = fluid velocity
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In the case of miscible systems, viscous forces dominate 
while capillary forces are small. This results in extremely 
large capillary numbers. Immiscible systems, on the other 
hand, are at the other extreme, with large capillary pressure 
resulting in small capillary numbers, with wettability and 
capillary effects as a result of interfacial tension playing 
an important role. Consequently, miscible and immiscible 
systems differ significantly in their capillary number.
Oil and water is the common example of an immiscible 
system found in the petroleum industry. Miscible displacement 
of oil by carbon dioxide now also represents an important part 
of the industry. Results of this research therefore, can find 
application and be interpreted across the range of capillary 
numbers.
In the research conducted for this thesis, miscible as 
well as immiscible systems were used to measure relative 
permeability ratios. Miscible systems, however, are easier to 
work with because of the absence of capillary and wettability 
effects. For this reason, they provide a simple starting 
point for the investigation of fracture relative permeability.
The study makes use of the analogy of immiscible fluids 
in a porous medium and applies it to the flow of miscible 
fluids in a fractured medium. Miscible fluids, however, are
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subjected to diffusion which is a combination of molecular 
diffusion and convective dispersion, sometimes called Taylor's 
dispersion.
Christiansen and Fanchi20 studied the initiation and 
propagation of fingers in miscible fluids. Fingering is a 
manifestation of fluid-flow instability which occurs during 
displacement processes. They showed that this phenomenon can 
be correlated to a dimensionless ratio called the Peclet 
number. The Peclet number is the ratio of convective effects 
to dispersive effects in the system and is expressed by the 
following equation:
(4)
where: Pe = Peclet Number
v = fluid velocity
L = characteristic length
Dtot = total dispersion coefficient
It was found20 that at Peclet numbers between 500 and 5000, 
miscible fluids behave similarly to immiscible fluids in a
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displacement processes. For the systems used in our experi­
ments, flow rates above 0.01 ml/min satisfied the requirement 
of Peclet numbers above 500.
Mobility Ratio
Mobility ratio is defined by the following equation for 
a glycerol and water system:
w/g




where: krw = relative permeability of water
krg = relative permeability of glycerol
jzw = viscosity of water
/zg = viscosity of glycerol
When the ratio is less than 1.0 the displacement is said
to be favorable, since the less viscous fluid is displaced by 
the more viscous fluid. When the ratio is greater than 1.0 it 
is said to be unfavorable, as the more viscous fluid is displ­
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aced by the less viscous fluid. This results in viscous rela­
ted instabilities which leads to the formation of undesirable 
fingers.
Fracture Size
The width, sometimes called aperture, of fractures in 
reservoirs vary from 2.00 X 10“2 inches to 4.0 x 10“4 inches, 
depending on the rock type, confining pressure and depth of 
the reservoir7. Fractures occurring at depths greater than
10.000 feet tend to be significantly smaller than this. The 
fracture size for the experiments was chosen to approximate 
the size of those found in average depth reservoirs of between
5.000 and 10,000 feet. Fracture widths of 0.001 inch and
0.005 inch were examined in
the experiments. The 0.001 inch fracture approaches the limit 
at which blue dye remains sufficiently concentrated to provide 
the needed contrast for measurement with the image processing 
software.
Colorimetry
For the measurement of saturation the quantative analyti­
cal technique of colorimetry was applied to measure the ab­
sorption of light by substances. The basic law governing the 
relation between concentration and the amount of light ab-
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sorbance to the concentration of the absorbing species. The 
law states qualitatively that if the concentration of the 
absorbing species increase, the absorbance must also increase.
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DESCRIPTION OF APPARATUS
To measure the relative permeability of a fracture in the 
laboratory, a realistic fracture model was required. For this 
project, a Hele-Shaw cell was chosen as a idealized model 
which adequately represented a fracture.
Design of Hele-Shaw Cell
Pieces of plate glass 2 inches by 5 inches, 1.5 inch by 
5 inches and 2 inches by 10 inches were cut in duplicate. The 
cut glass was cleaned with a soap solution to remove all tra­
ces of dirt and examined for scratches. The plates were then 
examined for flatness by placing them together and checking 
under a green light for interference patterns. A pair of 2 
inch x 4 inch plates with closely spaced parallel lines were 
chosen. In one of the pieces of glass, a linear groove was 
scored 1/2 inch from the outlet end (Figure 5). Next, holes 
were drilled for the inlet and outlet ports with a 0.010-inch 
diamond bit.
The two pieces of glass were cleaned again and strips of
0.001 inch shim stock were cut and placed on the edges of the 
glass plate with the drilled holes. The other plate glass was 
mounted over this arrangement. "Five-Minute epoxy" was used
26
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FIGURE 5. HELE-SHAW CELL DESIGN
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to cement the pieces of glass together. Binder clips were 
closely spaced all around the cell to clamp the plates and to 
form a pressure-tight seal. Two one-inch pieces of 1/16 inch 
tubing were placed in the drilled holes and cemented in place 
with epoxy. The cell was left for the cement to cure over­
night. The process was repeated to assemble the 1" x 9" and 
the 1/2 inch x 4 inch glass plates. A schematic of the ap­
paratus is shown in Figure 6.
An aluminum stand with adjustable legs was constructed 
from angle iron for placement of the cell during the experi­
ment. Included with the stand was a bubble level to ensure 
that the arrangement was horizontal. A Harvard pump capable 
of delivering a fixed rate from a syringe was used for injec­
ting the displacing fluid. The pump is designed to accom­
modate all sizes and brands of syringes. A Brookfield 
viscometer was used for measuring the viscosity of the fluids.
Video-Recording Equipment
A solid-state video-recorder and camera equipped with 
zoom lens was used to record the experiments. Back-lighting 
was provided by twin fluorescent lights. In addition, a sheet 
of white teflon was attached to the back of the cell, so as to 
provide for an even distribution of light. A time code gener­


























facilitated the regeneration of the recorded experiment along 
with the recorded time.
To analyze the recorded image, an Apple Macintosh IIx 
computer with 8 megabyte of RAM, a 40-megabyte hard disk and 
an RGB monitor was used. A quick-capture frame-grabber card 
model DT2255 capable of capturing black and white images from 
the video-recorder was used in the analysis. Data translation 
equipment for converting the image was also included in the 
package.
Image processing software called IMAGE version 1.16 was 
used for processing the recorded image. The program was 
written by Wayne Rasband and was made available from the Nati­
onal Technical Information Service (NTIS). Microsoft Excel, 




At the start of the runs, the inside of the cell was 
flushed with water and a soap solution to remove all traces of 
dirt. After the cell was flushed three times with distilled 
water, the experiments were started. The following procedure 
was used for all runs:
1. The cell was filled by injecting the wetting fluid, 
glycerol, at the required viscosity, with a syringe. Injec­
tion was continued until all the air bubbles were displaced.
2. With the syringe still connected to the inlet end, 
the cell was placed on the aluminum stand and the tubing was 
connected to the outlet end. At this stage, more glycerol was 
injected to fill the tubing at the outlet end. The tubing 
was then disconnected.
3. A syringe was filled with blue-dyed water, trying to 
make sure in the process that there were no air bubbles in the 
syringe or line. This was done by holding the syringe under 
the surface of the water.
4. The syringe was placed in the Harvard pump and the 
plastic tubing was connected to the cell, again making sure 
that the tubing was still free of bubbles. The pump was prev­
iously adjusted to the required rate and syringe diameter.
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5. The cell was adjusted until it was orthogonal. This was 
done by "grabbing" a frame into the image processing program, 
then using one of the tools in the program to select the 
image. The box which outlined the cell should remain horizon­
tal with the top and bottom of the image. If this was not so, 
the apparatus was repositioned until the extracted image was 
perfectly rectangular.
6. Next, the focus and aperture of the camera were 
adjusted to gain a sharp image with good contrast between the 
background and the injected blue fluid. The zoom was used to 
achieve the largest magnified image that would fit on the 
monitor.
7. A picture of the experimental specifics such as flow 
rate, viscosity of glycerol, cell size and syringe number were 
recorded at this point for later identification.
8. The experiment was started by switching on the pump 
at the first appearance of the blue dye at the inlet port, the 
time code generator and the video-recorder also were switched 
on. The experiment was allowed to proceed past breakthrough 
of the water, to a point where the cell saturation, as 
indicated by the blue color, was not changing and no new fing­
ers were being formed.
9. The amount of water injected from the syringe was 
noted and compared with the rate multiplied by the total time
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of the experiment. The process was repeated in a similar 
manner for each of the experimental runs.
Quality Control
Not all the experiments were useable for analysis. 
There were some specific aspects of an experiment that made it 
particularly suitable or unsuitable for analysis. These aspe­
cts were:
1. Very little diffusion at the start of the experiment. 
The finger propagation should begin immediately after the 
fluid entered the inlet port. In the better experiments, the 
first sign of fluid was dark blue with fingering starting at 
the outset.
2. All experiments were checked for material balance by 
comparing the measured saturation from image processing of the 
extracted image, compared with the pore volume of injected 
fluid. Experiments where the two values were within 1 to 5 
percent were considered good. One major reason for a differ­
ence in these two values was the presence of air bubbles in 
the system. Considerable precautions were taken to exclude 
bubbles in the injection syringe containing the dyed water. 
Bubbles caused the system to be compressible and resulted in 
a lower volume actually being injected than was volumetrically 
calculated. Injection volumes were also checked by noting the
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position of the syringe piston before and after the experi­
ment.
3. Two runs were made for each experiment. With a good 
experiment the breakthrough times agreed to within 1 to 5 
percent.
4. It was important that the lighting be even across the 
entire cell. This was checked by "grabbing" an image of the 
blank cell and examining the gray-level distribution along the 
length of the cell. Experiments with uneven lighting were 
discarded.
5. The recordings were sometimes affected by electromag­
netic interference, which caused rolling lines across the 
screen. This reduced the clarity of the image and the ex­
periment in some cases had to be discarded.
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IMAGE PROCESSING OF VIDEO-RECORDING
Measurement of Saturation
Table 2 shows a list of the experiments that were run. To 
perform an analysis of saturation, 9 to 12 images were 
"grabbed” at various times during the displacement process. 
An attempt was made to gain at least two to three frames bef­
ore breakthrough, with the majority of frames after break­
through. This practice allowed the shape of the recovery 
versus the pore volume of injected fluid to be better defined. 
Frames were taken to coincide with periods of rapid changes in 
the cell. Once the changes had stopped, the end of the ex­
periment was assumed. Typical changes occurring during the 
course of an experiment are presented in Figures 7a and 7b 
which show extracted images from an experiment. The time into 
the experiment at which each image was taken is displayed 
above the individual images.
The saturation measurement was performed by taking a 
rectangular area of the cell from inlet to outlet port. A 
histogram displaying the number of pixels at each of the 255 
possible gray-levels within the area was extracted. An ex­
ample of this histogram is shown in Figure 8. This data was 
copied to a spreadsheet where the saturation analysis was
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TABLE 2. EXPERIMENTS PERFORMED (* indicated analyzed 
experiment)
TAPE 1
EXPT CELL FLUID TAPE POS RATEml/min VISCOSITY c» 8.T. TIME ORIENTATION GAP (in) COMMB4T5
1 1/2 X 4 GLY/WATER 00.00.06 0.01 10 03.19.28 HORIZONTAL 0.001 FAIR
2 1/2 X 4 GLY/WATER 00.04.12 0.01 10 03.35.10 HORIZONTAL 0.001 FAIR
3 1 X 4 GLY/WATER 00.08.33 0.003 10 12.15.22 HORIZONTAL 0.001 FAIR *
4 1 X 4 GLY/WATER 00.21.57 0.032 10 01.49.16 h o r iz o n t a l 0.001 FAIR
5 1 X 4 GLY/WATER 00.24.17 0.032 10 01.51.10 HORIZONTAL 0.001 GOOD*
6 1 X 4 GLY/WATER 00.26.32 0.032 10 01.51.23 HORIZONTAL 0.001 0QCD
7 1 X 4 GLY/WATER 00.28.46 0.01 10 4.42.12 HOHgONTAL 0.001 FAIR
8 1 X 4 GLY/WATER 00.34.35 0.01 10 4.36.27 HORIZONTAL 0.001 FAIR
9 1 X 4 GLY/WATER 00.40.26 0.01 10 4.31.04 HORIZONTAL 0.001 FAIR
10 1 X 4 GLY/WATER 00.45.50 0.03 10 01.36.10 HORIZONTAL 0.001 GOOD*
11 1 X 4 GLY/WATER 00.48.02 0.03 10 01.40.06 HORgONTAL 0.001 GCCD
12 1 X 4 GLY/WATER 00.50.54 0.008 10 09.12.07 HORIZONTAL 0.001 FAIR
13 1 X 9 GLY/WATER 01.01.49 0.03 10 02.56.03 HORIZONTAL 0.001 F0CR
14 1 X 9 GLY/WATER 01.07.01 0.03 10 03.18.18 HORIZONTAL 0.001 V.GOOO
15 1 X 9 GLY/WATER 01.11.56 0.01 10 09.24.20 HORIZONTAL 0.001 FAIR
18 1 X 9 GLY/WATER 01.23.23 0.01 10 10.09.00 HORIZONTAL 0.001 GOOD
17 1 / 2 X 4 GLY/WATER 01.34.56 0.01 10 03.39.05 HORIZONTAL 0.001 GDCD
18 1 / 2 X 4 GLY/WATER 01.39.20 0.01 10 03.10.22 HORIZONTAL 0.001 FAIR
19 1 / 2 X 4 GLY/WATER 01.43.19 0.03 10 01.08.17 HORIZONTAL 0.001 GOOO*
20 1/2 X 4 GLY/WATER 01.45.03 0.03 10 01.04.03 HORIZONTAL 0.001 FAIR
21 1/2 X 4 GLY/WATER 01.46.47 0.008 10 04.05.10 HORIZONTAL 0.001 FAIR
22 1 X 4 KERCVWATER 01.54.45 0.01 3.5 04.45.27 HORIZONTAL 0.001 GDCD
23 1 X 4 KERQ/WATER 00.00.42 0.01
TAPE 2 
3.5 03.42.00 HORIZONTAL 0.001 GDCD
24 1 X 4 KERCVWATER 00.11.01 0.1 3.5 00.50.08 HORIZONTAL 0.001 GDCD
25 1 X 4 KERQ/WATER 00.14.22 0.1 3.5 00.52.01 HORIZONTAL 0.001 GOOD*
26 1 X 4 GLY/WATER 00.17.23 0.03 22 01.55.10 HORIZONTAL 0.001 GOOD*
27 1 X 4 GLY/WATER 00.22.36 0.03 22 01.49.09 HORIZONTAL 0.001 GOOO*
28 1 X 4 GLY/WATER 00.27.50 0.01 22 05.01.00 HORIZONTAL 0.001 FAIR
29 1 X 4 GLY/WATER 00.34.50 0.01 22 05.02.00 HORIZONTAL 0.001 FAIR
30 1 X 4 GLY/WATER 00.43.58 0.03 43 00.32.28 h o r iz o n t a l 0.001 V.GOOD'
31 1 X 4 GLY/WATER 00.48.47 0.03 43 01.15.26 VERTICAL 0.001 V.GOOO
32 1 X 4 GLY/WATER 00.53.39 0.01 43 04.47.05 VERTICAL 0.001 V.GOOD
33 1 X 4 GLY/WATER 01.01.29 0.01 43 04.32.21 VERTICAL 0.001 GCCD
34 1 X 4 GLY/WATER 01.11.42 0.01 43 03.12.10 VERTICAL 0.001 VGOCO
35 1 X 4 GLY/WATER 01.20.30 0.01 43 MESSED VERTICAL 0.001 POOR
36 1 X 4 GLY/WATER 01.24.23 0.01 43 04.04.13 VERTICAL 0.001 GOOO*
37 1 X 4 GLY/WATER 01.34.50 0.01 43 04.22.10 VERTICAL 0.001 FAIR
38 1 X 4 GLY/WATER 01.45.07 0.01 43 04.40.27 VERTICAL 0.001 FAIR
39 1 X 9 GLY/WATER 01.53.57 0.03 43 02.41.08 VERTICAL 0.001 GOOO*
40 1 X 9 GLY/WATER 01.59.04 0.03 43 TAPE END VERTICAL 0 001 POOR
TAPE 3
41 1 X 9 GLY/WATER 00.00.17 0.03 43 00.02.57 VERTICAL 0.001 POOR
42 1 X 9 GLY/WATER 00.06.15 0.01 43 00.07.56 VERTICAL 0.001 POOR
43 1 X 9 GLY/WATER 00.16.35 0.01 43 08.53.22 VERTICAL 0.001 GDCD
44 1 X 9 GLY/WATER 00.29.07 0.01 10 11.29.27 VERTICAL 0.001 GCCD
45 1 X 9 GLY/WATER 00.44.28 0.01 10 11.26.27 VERTICAL 0.001 FAIR
46 1 X 9 GLY/WATER 01.00.48 0.01 5 12.39.01 VERTICAL " 001 GDCD
47 1 X 9 GLY/WATER 01.21.20 0.01 22 10.16.27 VERTICAL 0.001 FAIR
48 1 X 9 KERQ/WATER 01.40.40 0.01 3.5 04.53.18 VERTICAL 0.001 POOR
49 1 X 9 GLY/WATER 01.55.05 0.03 22  
TAPE 4
TAPE 0 4 0 VERTICAL 0.001 POOR
50 1 X 4 GLY/WATER 00.00.19 0.03 10 01.33.22 VERTICAL 0.001 V.GOOD
51 1 X 4 GLY/WATER 00.05.50 0.03 10 01.35.17 VERTICAL 0.001 VGOCO

























































CELL FLUID TAPE POS RATEml/min VISCOSIY cp B.T. TIME ORIENTATION GAP (in)
1 X 4 GLY/WATER 00.34.45 0.03 22 01.39.00 VERTICAL 0.001
1 X 4 AIR/WATER 00.45.22 0.03 AIR /WATER TEST VERTICAL 0.001
1 X 9 GLY/WATER 01.00.38 0.03 22 01.25.05 VERTICAL 0.001
1 X 9 GLY/WATER 01.11.38 0.03 22 03.58.04 VERTICAL 0.001
1 X 9 GLY/WATER 01.19.07 0.03 22 04.01.25 VERTICAL 0.001
1 X 9 GLY/WATER 01.28.00 0.03 1 0 04.19.25 VERTICAL 0.001
1 X 9 GLY/WATER 01.35.30 0.03 10 04.26.14 VERTICAL 0.001
1/2 X 4 GLY/WATER 01.43.49 0.03 10 00.59.19 VERTICAL 0.001
1/2 X 4 GLY/WATER 01.48.02 0.03 10 00.59.26 VERTICAL 0.001
1/2 X 4 GLY/WATER 01.53.10 0.01 10
TAPES
02.55.00 VERTICAL 0.001
1/2 X 4 GLY/WATER 00.00.16 0.01 10 02.53.06 VERTICAL 0.001
1/2 X 4 GLY/WATER 00.12.43 0.01 22 02.25.20 VERTICAL 0.001
1/2 X 4 GLY/WATER 00.20.07 0.01 22 02.45.06 VERTICAL 0.001
1/2 X 4 GLY/WATER 00.31.48 0.01 43 02.16.25 VERTICAL 0.001
1/2 X 4 GLY/WATER 00.39.35 0.03 43 00.37.18 VERTICAL 0 001
1/2 X 4 KEROWATER 00.45.32 0.03 3.5 00.49.22 VERTICAL 0.001
1 X 4 KERO/WATER 00.49.24 0.01 3.5 01.43.00 VERTICAL 0.001
1 X 4 KEROWATER 00.52.55 0.03 3.5 01.06.04 VERTICAL 0.001
1 X 4 KEROWATER 00.57.46 0.1 3.5 00.29.19 VERTICAL 0.001
1 X 4 KEROGLY 01.01.44 0.03 3.5/20 03.10.20 VERTICAL 0.001
1 X 4 KEROGLY 01.06.15 0.03 3.5/20 02.57.10 VERTICAL 0.001
1 X 4 KEROGLY 01.12.13 0.03 3 .5 /3 03.15.01 VERTICAL 0.001
1 X 4 GLY/WATER 01.19.01 0.03 5 .00 01.57.29 HORIZONTAL 0.001
1 X 4 GLY/WATER 01.24.50 0.03 5.00 02.04.02 HORIZONTAL 0.001
1 X 4 GLY/WATER 01.31.09 0.03 10.00 02.16.24 HORIZONTAL 0.001
1 X 4 GLY/WATER 01.37.20 0.03 10.00 01.48.11 HORIZONTAL 0.001
1 X 4 GLY/WATER 01.44.13 0.03 3.50  
TAPE 6
02.19.27 HORIZONTAL 0.001
1 X 4 GLY/WATER 00.00.26 0.03 3.50 02.26.21 HORIZONTAL 0.001
1 X 4 GLY/WATER 00.05.10 0.03 10.00 12.43.06 HORIZONTAL 0 .005
1 X 4 GLY/WATER 00.20.46 0.03 10.00 11.14.27 HORIZONTAL 0 .005
1 X 4 WATER/GLY 00.34.43 0.03 1:10 03 .29 .12 HORIZONTAL 0.001
1 X 4 WATER/GLY 00.39.01 0.03 1:10 03.29.04 HORIZONTAL 0.001
1 X 4 GLY/WATER 00.43.09 0.1 3 .50 00.40.27 HORIZONTAL 0.001
1 X 4 GLY/WATER 00.45.23 0.1 3.50 00.44.29 HORIZONTAL 0 001
1 X 4 GLY/WATER 00.47.28 0.1 3.50 00.40.19 HORIZONTAL 0.001
1 X 4 GLY/WATER 00.49.41 0.02 10.00 03.18.01 HORIZONTAL 0 001
1 X 4 GLY/WATER 01.01.05 0.02 10.00 02.42.20 HORIZONTAL 0.001
1 X 4 GLY/WATER 01.09.56 0.06 10.00 00.56.26 HORIZONTAL 0.001
1 X 4 GLY/WATER 01.14.01 0.06 10.00 00 .55.17 HORIZONTAL 0.001
1 X 4 GLY/WATER 01.18.26 0.08 10.00 00.37.14 HORIZONTAL 0.001
1 X 4 GLY/WATER 01.22.12 0.08 10.00 00.40.29 HORIZONTAL 0.001
1 X 4 GLY/WATER 01.27.26 0.01 22 00 05.05.25 HORIZONTAL 0.001
1 X 4 GLY/WATER 01.42.21 0.01 22.00 05.01.29 HORIZONTAL 0.001
1/2 X 4 GLY/WATER 01.57.25 0.03 22.00  
TAPE 7
00.48.12 HORIZONTAL 0.001
1/2 X 4 GLY/WATER 00.00.05 0.03 22.00 00.47.01 HORIZONTAL 0.001
1 X 9 GLY/WATER 00.03.22 0.03 22.00 03.31.15 HORIZONTAL 0.001
1 X 4 GLY/WATER 00.19.49 0.03 22.00 10.54.23 HORIZONTAL 0.005
1 X 4 GLY/WATER 00.33.43 0.03 22.00 10.20.05 HORIZONTAL 0.005
1 X 4 GLY/WATER 00.49.47 0.01 22.00 00.39.04 HORIZONTAL 0.001
1 X 4 GLY/WATER 00.53.10 0.01 22.00 00.38.26 HORIZONTAL 0.001
1 X 4 MINOL/WATER 00.56.23 0.1 15.00 00.13.11 HORIZONTAL 0.001
1 X 4 MINOUWATER 01.00.38 0.1 15.00 00.20.19 HORIZONTAL 0.001
1 X 4 GLY/WATER 01.04.56 0.01 10.00 04.42.24 HORIZONTAL 0.001
1 X 4 GLY/WATER 01.17.36 0.01 10.00 04.48.01 HORIZONTAL 0.001
1 X 4 GLY/WATER 01.33.37 0.01 43.00 04.44.29 HORIZONTAL 0.001






FIGURE 7A. EXTRACTED IMAGES FROM EXPERIMENT IN A 1"X4" CELL 





FIGURE 7B . EXTRACTED IMAGES FROM EXPERIMENT IN A 1"X4" CELL 
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FIGURE 8 HISTOGRAM FROM EXTRACTED IMAGE
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made. A copy of the spreadsheet and calculations are shown in 
Appendix A.
The histograms showed two peaks, the one on the left 
corresponded to the glycerol and the other to the water pres­
ent as blue dye in the cell. The lowest gray-level with the 
maximum number of pixels (peak) was set to correspond to the 
maximum light intensity, while the peak at the maximum gray- 
level was set to correspond to a lesser light intensity cal­
culated by normalizing the range to 1.0. These light inten­
sities were converted to concentrations by using Beer-Lambert 
Laws21 which related the absorption of parallel mono­
chromatic radiant energy by a homogeneous isotropic medium to 
the concentration of the absorbing species. From the concen­
trations, an average saturation in the cell was produced.
Repeatability of the Experimental Procedure
To make sure that the experimental procedure and meas­
urement were reproducible, two identical experiments were 
analyzed. Figure 9 shows the plot of average saturation in 
the cell measured by the image processing method described 
above versus the injected pore volume of water. The curves 
were almost identical. The slight variation is believed to be 
a result of the random nature of fingering in the 
experiment. Figure 10 shows relative permeability ratios
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COMPARISON OF TWO SIMILAR 
RUNS
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FIGURE 9
RECOVERY OF 22 CP GLYCEROL IN A 1"X4" HORIZONTAL 
FRACTURE AT 0.03 ml/min
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WATER SATURATION AT OUTFLOW FACE
FIGURE 10
RELATIVE PERMEABILITY RATIOS FOR WATER 
AND 22 CP GLYCEROL IN A 1 "X4" 
HORIZONTAL FRACTURE 0.03 ml/min
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calculated from the experiment. The two curves are in close 
agreement for the higher values of water saturation.
The initial relative permeability values at low 
saturations, show some differences. An explanation for this 
resides in the fact that end point measurements are affected 
by the end effects which are always present. Similar problems 
arise with relative permeability measurements in core. This 
result points out the fact that the relative permeability 
ratios at low values of the non-wetting fluid should be viewed 
with caution.
The same procedure was employed for each of the extracted 
images and for the measurement of water saturation at the 
outflow face. For the saturation measurement at the outflow 
face, a thickness of 14 pixels was used to define the area. 
Fourteen was chosen for convenience because 10 or less pixels 
appears on the screen as a straight line from which saturation 
could not be calculated. In this light, a number that was not 
too small as to be impractical and not too large, but still 
considered the outflow end, was chosen.
A comparison of the difference between using 14 versus 28 
pixels is shown in Figure 11. The difference gives an idea of 
the maximum error that would be incurred if the larger number 
of pixels from the outflow face is used. It is quite unlikely
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WATER SATURATION AT OUTFLOW FACE
FIGURE 10
RELATIVE PERMEABILITY RATIOS FOR WATER 
AND 5 CP GLYCEROL IN A 1”X4" 
HORIZONTAL FRACTURE AT 0.01 ml/min
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that a number as large as 28 pixels would be chosen to cover 
the outflow end.
Figures 13 and 14 are plots of saturation with distance 
in pixels from the outflow end of the cell taken from two 
separate experiments. The curves are different and do not 
vary in a nonotonic fashion with distance from the outflow 
end. This is because of the fingering which occurs. When 
viewed microscopically, the mechanism of finger formation 
proceeds by constriction at the base and expansion at the tip, 
bypassing some areas in the process. From this behavior, over 
a given region, saturation would be expected to decrease with 
distance from the outflow face. This extremely random, chao­
tic behavior (it may have a fractal nature) could not be coun­
ted on to vary in any prescribed fashion. Future work could 
be focused in this area to properly explain this phenomenon.
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FIGURE 12.
WATER DISPLACING 22 CP GLYCEROL IN 1"X4"
HORIZONTAL FRACTURE AT 0.03 ml/min
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FIGURE 13.
WATER DISPLACING 10 CP GLYCEROL IN 1"X4”
HORIZONTAL FRACTURE AT 0.03 ml/min
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BASIS OF CALCULATION
Once the saturation values were calculated, the next step 
was to plot the pore volume of water injected versus the 
average saturation measured in the cell at that time. This 
curve, when differentiated, yielded the fractional flow of the 
non-wetting fluid, water.
The relative permeability ratio is then calculated from 




where qgo = volumetric flow-rate of glycerol out 
qu„ = volumetric flow-rate of water out
■‘ WO
f,w fractional flow of water
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The flow rate of water, in is equal to the sum of water 
and glycerol flowing out of the cell, assuming no compress­
ibility.
(7)
Qwo + Qgo = Qwi
where: qwi = volumetric flow-rate of water in
Substituting Eq(7) in Eq(6) gives:
The flow of water out is equal to the flow of water in 
minus the change in saturation measured by image processing.
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q  = q  . - v s ^
‘ a  WO W1  p A t
where: Vp = pore volume of fracture
s = average cell saturation 
t = time






Vp As  
cr..,,- A t (11)
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With the fractional flow derived from the experiment, the 
relative permeability ratio can be solved from the following 
form of fractional flow:
1 +
(12)
where: kg = relative permeability of glycerol
kH = relative permeability of water 
fiu = viscosity of water 
jug = viscosity of glycerol
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Once the fractional flow is obtained, all terms on the 
right-hand side of the equation are known and the relative 
permeability ratio can be solved for.
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RESULTS
Figure 14 shows a plot of calculated saturations versus 
measured saturations by image processing. The straight line 
relationship indicates that the two methods were almost iden­
tical. This result proves that the image processing method 
can be effectively used to measure saturations in the Hele- 
Shaw cell. This was one of the primary objectives of the 
research.
Figure 15 shows a comparison between relative permeabil­
ity ratios for kerosene and water measured in this research 
and relative permeability ratios for similar fluids from 
Romm's work. Since Romm's work measured actual relative 
permeabilities, these individual permeabilities had to be 
converted to ratios. The comparison reveals that Romm's 
relative permeability for 65 to 125 micron idealized fractures 
are linear on a semi-log plot, while those measured on our 
idealized fractures are not.
Figure 16 displays relative permeability ratios converted 
from relative permeability measurements made by McDonald, et 
al. These curves, too, are non-linear with large changes in 
relative permeability ratio for small differences in water 
saturation. The results compare very well with our own
T - 4 2 0 3
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FIGURE 14
CALCULATED SATURATION COMPARED WITH IMAGE PROCESSING 
SATURATION FOR WATER DISPLACING 22 CP GLYCEROL
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FIGURE 15
COMPARISON OF ROMM'S RELATIVE PERMEABILITY RATIOS WITH 
RELATIVE PERMEABILITY RATIOS FOR WATER AND 3.5 CP KEROSENE 
IN A 1 "X4" HORIZONTAL FRACTURE AT 0.1 ml/min
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WATER SATURATION
FIGURE 16
MCDONALD RELATIVE PERMEABILITY RATIOS FOR WATER 
DISPLACING OIL IN A FRACTURED LIMESTONE
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research. This fact, together with Pruess and Tsang's simula­
tion, strongly supports the idea of non-linear relative per­
meability in fractures.
Tables 3 through 22 of Appendix B show pore volumes 
injected, measured saturation, calculated fractional flow and 
relative permeability ratios for each of the experiments that 
were analyzed. Figures 17 through 42 are plots of recoveries 
and relative permeability ratios for each of the various 
parameters investigated.
At the onset of fractional flow, relative permeability 
ratios were plotted as a function of water saturation at the 
outflow face on a semi-log scale. The chosen points corre­
sponded to specific observed changes in water saturation at 
the outflow face. These changes in saturation were related to 
the formation and appearance of new fingers, analogous to 
slugging, which was evident during the course of the experime­
nt.
The curves display a non-linear relationship with satura­
tion. The shapes are similar to the relative permeability 
ratios measured in a porous medium. Recovery of the wetting 
fluid (glycerol, mineral oil or kerosene) was plotted against 
pore volumes of the non-wetting (dyed water) injected fluid. 
A characteristic linear relationship is displayed before 
breakthrough with a break-over after this point leading to
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eventual flattening with no further recovery. Breakthrough is 
defined as the point where the linear relationship changes.
Each parameter except mobility ratio, was investigated 
twice using different viscosity ratios. Four viscosity ratios 
were used to investigate its effect on relative permeability 
ratio. It can be seen that each parameter influenced the 
relative permeability ratio in a prescribed way. The influ­
ence of viscosity ratios stands out as the single-most 
important parameter.
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DISCUSSION OF RESULTS
Effect of Fluid Injection Rate
Two rates, 0.01 and 0.03 ml/min, were used to compare the 
impact of rate at two viscosities of wetting fluid, 10 centi- 
poise and 22 centipoise. The results show that rate affects 
the recovery and subsequently the relative permeability ratio 
kg/kw. The relationship, however, is not a straight-forward 
one. For example, the 10 cp case Figure 17, reveals that the 
recovery at 0.03 ml/min is 10 percent higher than at 0.01 
ml/min. The relative permeability ratios (Figure 18) show a 
variation between water saturations of 0.35 and 0.43. The 
higher rate caused the kg/kw to increase more rapidly in this 
particular region.
To understand what is happening, one must be aware that 
the displacement mechanism is primarily related to the rate 
of the displacing fluid and viscosity ratio which is manifes­
ted as fingering. Both processes depend on the nature of 
fluid, their behavior when flowing together and the geometry 
of the pore space which they occupy. For the present case, 
the high momentum imparted by the displacing fluid exceeds the 
propensity to finger because of low viscosity ratio. The 
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PORE VOLUME OF WATER INJECTED
FIGURE 17
RECOVERY OF 10 CP GLYCEROL IN A 1"X4" HORIZONTAL
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WATER SATURATION AT OUTFLOW FACE
FIGURE 18
RELATIVE PERMEABILITY RATIOS FOR WATER 
AND 10 CP GLYCEROL IN A 1"X4" 
HORIZONTAL FRACTURE AT 0.03 ml/min & 0.01 ml/min
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For the 22 cp case (Figure 19 and Figure 20) the slower 
0.01 ml/min rate resulted in a slightly higher recovery and 
the lower relative permeability. This was to be expected 
given the explanation of the slower displacing action, in­
curred by the lower rate, being more effective, despite the 
increased tendency to finger. At the higher rate of 0.03 ml/- 
min, the combination of higher displacing rate and higher 
fingering tendencies resulted in a higher relative permeabili­
ty ratio translating into a lower recovery.
Effect of Fluid Type
Differences in wettability and miscibility produced dif­
ferent recoveries and hence different relative permeabilities 
for the miscible and immiscible fluids. In the 3.5 cp case 
(Figure 21) the recoveries were almost the same, yielding 
relative permeability ratios that were very close except for 
the end point of the miscible fluid (Figure 22). In the 15-cp 
case, however, the recovery was 15 percent higher for the 
immiscible fluid, mineral oil, as compared to the glycerol 
(Figure 23). For the 15-cp case less fingering was incurred 
for the immiscible system than for the miscible. In addition, 
some limited mixing occurred with the miscible fluids. 
Therefore, a more effective sweep was achieved with the 
immiscible fluids. The kg/kw ratio was higher than the kmo/kw
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PORE VOLUME OF WATER INJECTED
FIGURE 19
RECOVERY OF 22 CP GLYCEROL IN A 1"X4" HORIZONTAL
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FIGURE 20 
RELATIVE PERMEABILITY RATIOS FOR WATER 
AND 22 CP GLYCEROL IN A 1MX4" 
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PORE VOLUME OF WATER INJECTED
FIGURE 21
RECOVERY OF 3.5 CP GLYCEROL/KEROSENE IN A 1"X4" HORIZONTAL
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WATER SATURATION AT OUTFLOW FACE
FIGURE 22
RELATIVE PERMEABILITY RATIOS FOR WATER 
AND 3.5 CP GLYCEROL7KEROSENE IN A 1 "X4" 







> 1  
8
£ oCC IE
h- LUz  o

















0 0.5 1 1.5 2
PORE VOLUME OF WATER INJECTED
FIGURE 23
RECOVERY OF 15 CP GLYCEROL/MINERAL OIL IN A 1 "X4" HORIZONTAL
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WATER SATURATION AT OUTFLOW FACE
FIGURE 24
RELATIVE PERMEABILITY RATIOS FOR WATER 
AND 3.5 CP GLYCEROL7KEROSENE IN A 1"X4" 
HORIZONTAL FRACTURE AT 0.1 ml/min
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ratio when compared at similar saturations of the non-wetting 
phase.
The shapes of the relative permeability ratios for the 
15-cp miscible and immiscible comparison (Figure 24) are 
similar with slight differences at the end points. The same 
is true for the 3.5-cp system (Figure 22). This supports the 
hypothesis that the relative permeability behavior of miscible 
fluids is analogous to the relative permeability behavior of 
immiscible fluids.
Effect of Fracture Gap
Figures 25 through 28 show that fracture gap also has an 
effect on relative permeability ratio in fractures. Experi­
ments were run using 10 and 22 cp glycerol. With 10-cp 
glycerol in the 0.005-inch gap, (Figure 25) breakthrough 
recoveries were 10 percent better than in the 0.001-inch gap. 
The sweep was naturally more complete for the larger fracture 
gap. Consequently, the larger gap (Figure 26) has a lower 
kg/kw ratio at water saturations of 0.29 to 0.35. At 
saturations lower than 0.29 however, the kg/kw ratio becomes 
higher. The indications are that the 0.005-inch fracture is 
displaying a linear relationship with saturation.
For the 22-cp viscosity case, (Figure 27 and 28) the 
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PORE VOLUME OF WATER INJECTED
FIGURE 25
RECOVERY OF 10 CP GLYCEROL IN A 1"X4" HORIZONTAL
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FIGURE 26
RELATIVE PERMEABILITY RATIOS FOR WATER 
AND 10 CP GLYCEROL IN A 1"X4" HORIZONTAL 

















PORE VOLUME OF WATER INJECTED
FIGURE 27
RECOVERY OF 22 CP GLYCEROL IN A 1"X4" HORIZONTAL












WATER SATURATION AT OUTFLOW FACE
FIGURE 28
RELATIVE PERMEABILITY RATIOS FOR WATER 
AND 10 CP GLYCEROL IN A 1"X4" HORIZONTAL 
FRACTURE WITH 0.001" & 0.005" GAP AT 0.03 ml/min
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of the outflow saturation. Because of the smaller gap, the 
non-wetting fluid, water, had a more difficult time moving 
through the fracture, pushing instead the glycerol ahead as it 
moved. In the larger gap, the less viscous fluid, water, 
usable to move more easily in the presence of the wetting 
fluid, glycerol, resulting in a lower kg/kw ratio. This also 
explains why the kg/kw ratio for the 10-cp case was briefly 
higher in the 0.001 inch fracture than in the 0.005 inch.
Effect of Fracture Geometry
Three fracture geometries were used to investigate the 
effect of shape on the relative permeability ratio. Glycerol 
of 10 and 22-cp were displaced by injecting water at 0.03 
ml/min in 1 inch x 4 inch, 1 inch x 9 inch and 1/2 inch x 4 
inch horizontally placed fractures. The recovery curves show 
that for the 10-cp glycerol (Figure 29) the 1 inch x 4 inch 
had the highest recovery followed by the 1/2 inch x 4 inch. 
In the 1 inch x 9 inch fracture breakthrough was later, but 
recovery was the lowest. The relative permeability ratios 
(Figure 30) were also similar in the regions from 0.37 to 0.4 
with variations at the end points which were related to the 
entry geometries of the different shapes.
For the 22-cp glycerol (Figure 31) , however, recovery in 
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RECOVERY OF10 CP GLYCEROL IN A 1"X9", rX 4 '\  1/2"X4"
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FIGURE 30
RELATIVE PERMEABILITY RATIOS FOR WATER AND 
10 CP GLYCEROL IN A rX9"frX4", 1/2"X4" HORIZONTAL 
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PORE VOLUME OF WATER INJECTED
FIGURE 31
RECOVERY OF 22 CP GLYCEROL IN A 1"X9'\ 1"X4", 1/2"X4"
HORIZONTAL FRACTURE AT 0.03 ml/min
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shapes. The relative permeability ratio (Figure 32) , kg/kw, 
was higher for the 1 inch x 9 inch fracture than it was for 
the 1/2 inch x 4 inch and the 1 inch x 4 inch. More studies 
will have to be done to properly assess the relationship of 
geometry to relative permeability. The two experiments have 
shown conclusively that fracture geometry does have an effect 
on relative permeability ratios.
Effect of Fracture Orientation
The positioning of the fracture had a definite effect on 
the recovery efficiency of the wetting fluid. At a viscosity 
ratio of 10, (Figure 33) the recovery in the horizontal 
fracture was better than the vertical fracture. The relative 
permeability curves (Figure 34) showed differences in the 
central portion, with the kg/kw ratio for the vertical posi­
tioning being slightly higher. During the vertical displace­
ment, the water exhibited a tendency to rise above the 
glycerol. The density of 22-cp glycerol is 1.17 gm/cc. This 
action had its strongest effect in the middle saturation 
region (0.3 to 0.5) when gravity segregation was not influ­
enced by entrance and exit effects. This result is seen as 
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FIGURE 32
RELATIVE PERMEABILITY RATIOS FOR WATER AND 
22 CP GLYCEROL IN A 1”X 9 \ 1"X4", 1/2"X4" HORIZONTAL 
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FIGURE 33
RECOVERY OF10 CP GLYCEROL IN A1"X4" VERTICAL AND










WATER SATURATION AT OUTFLOW FACE
FIGURE 34
RELATIVE PERMEABILITY RATIOS FOR WATER AND 
10 CP GLYCEROL IN A 1"X4" HORIZONTAL AND VERTICAL 
FRACTURE AT 0.03 ml/min
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For the 43 cp glycerol (Figure 35), recovery was higher 
in the vertical cell and instead of levelling off permanently, 
the curve flattens and then starts to increase in slope again. 
This was as a result of density differences. After the 
initial sweep and breakthrough, a second wave of fingers were 
formed below the first established path. This resulted in 
increased recovery. The behavior exhibited by relative 
permeability and recovery, however, depends on the viscosity 
ratio of the fluids involved, with gravity playing a crucial 
role.
Effect of Mobility Ratio
Mobility ratios of 10 and 0.1 were used to demonstrate 
the effect of adverse and favorable mobility ratios on the 
relative permeability measurement (Figures 37 and 38) . For 
the favorable ratio of 0.1, the recovery was close to 100 
percent (Figure 37) . At breakthrough, the glycerol was 
completely swept from the fracture. Relative permeability 
(Figure 38) was non-existent because at no time were the two 
fluids competing for the same pore space. Relative permeabil­
ity cannot be calculated from a displacement process without 
fractional flow. Recovery for the adverse mobility ratio of 
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FIGURE 35
RECOVERY OF 43 CP GLYCEROL IN A 1"X4" VERTICAL AND
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FIGURE 36
RELATIVE PERMEABILITY RATIOS FOR WATER AND 
43 CP GLYCEROL IN A 1"X4" VERTICAL AND 
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FIGURE 37
RECOVERY FOR 10 & 0.1 MOBILITY RATIO IN A 1"X4"
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FIGURE 38
RELATIVE PERMEABILITY RATIOS FOR 10 AND 0.1 MOBILITY RATIO
IN A 1”X4" HORIZONTAL FRACTURE AT 0.03 ml/min
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Effect of Viscosity Ratios
All through the above studies, we saw without quantify­
ing, that viscosity ratios had the strongest and most persis­
tent effect. In an effort to properly characterize this 
effect, relative permeability ratios were measured for water 
displacing 5, 10, 22 and 43-cp glycerol in a 1 inch x4 inch 
horizontal fracture at rates of 0.03 and 0.01 ml/min. The 
highest recovery (Figures 39) was achieved for the lowest 
viscosity ratio. The relative permeability ratio kg/kw 
(Figure 40) show a higher value for the higher viscosity 
ratios for similar water saturation. This analysis is true 
for the "bands" at viscosity ratio 5 and 10 or 22 and 43. 
Within individual "bands" there are local variations, which 
are related both to the experimental measurement and the 
random nature of fingering. What the results show is that the 
movement of the non-wetting fluid, water, progressively 
decreases as the viscosity of the wetting fluid, glycerol, is 
increased. Experiments performed at 0.01 ml/min (Figure 41 
and 42) shows a similar trend. From the Figures 40 and 42, a 
relationship of viscosity ratios with relative permeability 
ratios at values of 30, 40, 50 and 60 percent water saturation 
can be inferred. This relationship is shown for both rates,
0.03 and 0.01 ml/min, in Figures 44 and 43. The 0.01 ml/min 
rate shows a smooth transition from 30 percent to 60 percent.
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FIGURE 39
RECOVERY OF GLYCEROL FOR VISCOSITY RATIOS 5, 10, 22 ,43
IN A 1 "X4" HORIZONTAL FRACTURE AT 0.03 ml/min
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WATER SATURATION AT OUTFLOW FACE
FIGURE 40
RELATIVE PERMEABILITY RATIOS FOR GLYCEROL 
AND WATER , VISCOSITY RATIOS 5, 10, 22, 43 
IN A 1"X4" HORIZONTAL FRACTURE AT 0.03 ml/min
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FIGURE 41
RECOVERY OF GLYCEROL FOR VISCOSITY RATIOS 5,10, 22 ,43
IN A 1 "X4" HORIZONTAL FRACTURE AT 0.01 ml/min
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FIGURE 42
RELATIVE PERMEABILITY RATIOS FOR GLYCEROL 
AND WATER , VISCOSITY RATIOS 5, 10, 22, 43 
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The curves all have the same trend; increasing kg/kw with 
increasing viscosity ratio. The only portion of the curve 
that is different, is in the trend after viscosity ratios of 
20. The 3 0 percent show the sharpest increase. This increase 
diminishes in the curves for 40 and 50 percent saturation and 
reaches its lowest for 60 percent.
For the 0.03 ml/min rate, the trend in the same curves is 
the same for the four saturations. At 3 0 percent saturation, 
there is a distinct difference in behavior from the other 
curves and even between the two rates. At this saturation, 
the kg/kw ratio increases with viscosity ratio up to 20. No 
further increase after this viscosity ratio is evident. The 
saturations above 3 0 percent behave somewhat similarly to the
0.01 ml/min rate, though the portion of the curves below 10 
show less of an increase for the 0.03 ml/min rate.
For portions of the curve above 20, the 40 percent 
saturation still shows an indication of flattening out like 
the 3 0 percent. This tendency, however, appears to diminish 
as saturation is increased to 60 percent. It is somewhat 
apparent that the 50 percent flattening does not fit the trend 
and may have been caused by experimental error.
The biggest discrepancy in the two rate comes about at the 
3 0 percent saturation level. Indications are, that the 
differences are due to the dynamics of the fracture fluid
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system. The faster rate reaches an equilibrium operating 
status sooner than the slower rate. More study is needed in 
this area to further define the significance of this 
difference.
Applications
These correlations can be usefully applied to fluid flow 
in fractured reservoir simulators. For instance, if a visc- 
cosity ratio is known for a particular field displacement 
process and a rate is anticipated, then a relative permeabili­
ty ratio can be estimated from the Figures 43 and 44.
Secondly, the method and approach for measuring satura­
tions which was developed and tested in this research can be 
usefully applied to further investigate the subject of 
relative permeability in fractures.
Potential Concerns
It is important that the miscible experiments be per­
formed at rates that reduce dispersion. A basis of the 
saturation measurement is the assumption that wherever blue 
appears in the cell corresponds to water and where white 
occurs corresponds to glycerol. This assumption is in error 
because we know that some dispersion takes place between the 
two fluids (see Figure 7a, b page 37 and 38) . Also, since the
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images are converted to black and white from color, some of 
the definition was lost in the translation.
During the experiment the pump rate may not have been 
delivering the exact rate at the beginning of the run. In 
addition, slugging may have been a problem at the outflow 
face. This was observed when measurements were made on the 
outflow face by increasing the number of pixels away from the 
face. It is suggested that work be done in the future to 
properly define the dynamics of this area.
Beer-Lambert1s Law, upon which the measurements depend, 
shows some deviation from linearity at high concentrations. 
This situation was applicable at least towards the end of the 
experiments.
Errors could also have been introduced by the experiment­
er 's image processing technique which would result in varying 
saturation measurement depending on the methods employed.
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CONCLUSIONS
To understand the nature of two-phase flow in fractures 
is to understand that during a displacement process there are 
a whole host of factors and dependent phenomena occurring 
simultaneously. It requires an understanding of each depen­
dent parameter: fluid injection rate, fluid type, fracture 
gap, fracture geometry, fracture orientation and mobility 
ratio which influence the embodiment of the one quantity, 
relative permeability ratio.
It has been shown that fluid injection rate causes the 
relative permeability ratio of wetting to non-wetting fluid to 
increase to the point where the viscosity ratio imposes its 
dynamics due to fingering. Miscible fluids have a higher 
relative permeability ratio than immiscible fluids at viscosi­
ty ratios of 15 or above. At viscosity ratios of 3.5 or 
greater, the differences are not very significant. The 
fracture gap, if it is large enough, acts more like a channel, 
permitting fluids to behave separately rather than as two 
phases competing for the same pore space unlike the behavior 
in porous medium. This causes relative permeability for gaps 
of 0.005 inch to be more of a linear function of saturation.
Fracture geometry, because of shape and different fluid
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accessibility, result in different relative permeabilities. 
The dependence on shape is harder to characterize because 
there can be a multitude of dimensions. Orientation introduc­
es changes in relative permeability by virtue of the density 
factor. Relative permeability ratios change drastically 
because of delayed recoveries after the initial sweep. 
Favorable mobility ratios do not allow for calculation of 
relative permeabilities. Lastly, relative permeability ratios 
increase with increasing viscosity ratios, largely because of 
a decrease in the permeability of the non-wetting phase.
In addition to the above, the following overall conclu­
sions can be drawn from the study:
1. Image processing can be used to measure saturations 
in a Hele-Shaw cell.
2. Relative permeability is not a linear function of 
saturation.
3. Relative permeability ratio in fractures show a 
relationship which increase with increasing viscosity ratios.
4. Relative permeability ratio behavior in fractures 
appears similar to the behavior in porous media.
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SUGGESTIONS FOR FUTURE WORK
Now that relative permeability ratios of smooth fractures 
have been successfully measured, the next steps should be to:
1. Examine the relationship of relative permeability 
ratio with rate.
2. Examine relative permeability ratio with geometry and 
relate to a dimensionless ratio involving length.
3. Examine in detail how fracture orientation affects 
relative permeability ratio.
4. Relate fracture gap to relative permeability ratio.
5. Investigate relative permeability ratios of rough- 
walled fractures using similar equipment and techniques.
6. Measure relative permeability of rough-walled frac­
tures by setting up apparatus to measure pressure and using 
similar image processing techniques.
7. Attempt to correlate relative permeability with 
capillary number.
8. Investigate the variation of saturation at the outflow 
end of the idealized fracture, so as to gain insight into its 
full effect on measurement of relative permeability.
9. Extend the study of relative permeability ratio with 
viscosity ratio to further confirm relationships.
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NOMENCLATURE
b = fracture gap
K = absolute permeability
k = relative permeability
v = fluid velocity
= fluid viscosity 
p = pressure
a = capillary pressure
q = volumetric flow rate 
f = fractional flow 
s = saturation 
t = time 
Vp = pore volume 
Ca = capillary number 
x = distance 
Pe = Peclet number 
L = length




mo = mineral oil
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i = component 
w = water 
k = kerosene 
g = glycerol 
wo = water out 
wi = water in
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APPENDIX A
CALCULATION OF SATURATION USING EXCEL SPREADSHEET
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Sweep Efficiency at Breakthrough= 0.5057374
Relative (Beer's Law) Running Sum
Number of Intensity of Cone Pixels with of Pixels with
Gray Level Pixels per Running Sum Transmitted of Displacing 100% ’Blue’ 100% ’Blue’
(White=0) Gray Level of Pixel Count Light Fluid Fluid Fluid
0 0 0 0.00 0.00
1 0 0 0.00 0.00
2 0 0 0.00 0.00
3 0 0 0.00 0.00
4 0 0 0.00 0.00
5 0 0 0.00 0.00
6 0 0 0.00 0.00
7 0 0 0.00 0.00
8 0 0 0.00 0.00
9 0 0 0.00 0.00
10 0 0 0.00 0.00
1 1 0 0 0.00 0.00
1 2 0 0 0.00 0.00
1 3 0 0 0.00 0.00
1 4 0 0 0.00 0.00
1 5 0 0 0.00 0.00
1 6 0 0 0.00 0.00
17 0 0 0.00 0.00
1 8 0 0 0.00 0.00
1 9 0 0 0.00 0.00
20 0 0 0.00 0.00
21 0 0 0.00 0.00
22 0 0 0.00 0.00
23 0 0 0.00 0.00
24 0 0 0.00 0.00
25 0 0 0.00 0.00
26 0 0 0.00 0.00
27 0 0 0.00 0.00
28 0 0 0.00 0.00
29 0 0 0.00 0.00
30 0 0 0.00 0.00
31 0 0 0.00 0.00
32 0 0 0.00 0.00
33 0 0 0.00 0.00
34 0 0 0.00 0.00
35 0 0 0.00 0.00
36 0 0 0.00 0.00
37 0 0 0.00 0.00
38 0 0 0.00 0.00
39 0 0 0.00 0.00
40 0 0 0.00 0.00
41 0 0 0.00 0.00
42 0 0 0.00 0.00
43 0 0 0.00 0.00
44 0 0 0.00 0.00
45 0 0 0.00 0.00
46 0 0 0.00 0.00
47 0 0 0.00 0.00
48 1 1 0.00 0.00
49 0 1 0.00 0.00
50 0 1 0.00 0.00











































































































Relative (Beer's Law) Running Sum
Intensity of Cone Pixels with of Pixels with
Running Sum Transmitted of Displacing 100% "Blue" 100% "Blue-









































16221 glmin=92 1.00 0.00 0.00 0.00
17991 0.99 0.01 11.08 11.08
19591 0.99 0.01 20.10 31.18
21045 0.98 0.02 27.48 58.66
22543 0.98 0.03 37.87 96.53
23816 0.97 0.03 40.35 136.88
25027 0.96 0.04 46.21 183.09
26014 0.96 0.04 44.08 227.17
26709 0.95 0.05 35.59 262.75
27246 0.94 0.06 31.03 293.78
27769 0.94 0.06 33.69 327.47
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Relative (Beer's Law) Running Sum
Number of Intensity of Cone Pixels with of Pixels with
Gray Level Pixels per Running Sum Transmitted of Displacing 100% -Blue" 100% "Blue"
(White=0) Gray Level of Pixel Count Light Fluid Fluid Fluid
103 328 28097 0.93 0.07 23.32 350.79
104 392 28489 0.93 0.08 30.50 381.29
105 301 28790 0.92 0.08 25.45 406.74
106 374 29164 0.91 0.09 34.17 440.91
107 326 29490 0.91 0.10 32.02 472.93
108 286 29776 0.90 0.11 30.06 503.00
109 273 30049 0.90 0.11 30.59 533.59
110 328 30377 0.89 0.12 39.05 572.64
111 250 30627 0.88 0.13 31.52 604.16
112 283 30910 0.88 0.13 37.69 641.86
113 238 31148 0.87 0.14 33.40 675.25
114 282 31430 0.87 0.15 41.60 716.85
115 286 31716 0.86 0.15 44.26 761.11
116 265 31981 0.85 0.16 42.94 804.06
117 287 32268 0.85 0.17 48.62 852.67
118 281 32549 0.84 0.18 49.68 902.35
119 277 32826 0.83 0.18 51.04 953.39
120 279 33105 0.83 0.19 53.50 1006.89
121 299 33404 0.82 0.20 59.60 1066.49
122 280 33684 0.82 0.21 57.94 1124.43
123 299 33983 0.81 0.21 64.17 1188.61
124 280 34263 0.80 0.22 62.26 1250.87
125 310 34573 0.80 0.23 71.35 1322.22
126 274 34847 0.79 0.24 65.22 1387.43
127 229 35076 0.79 0.25 56.32 1443.75
128 364 35440 0.78 0.25 92.42 1536.17
129 260 35700 0.77 0.26 68.11 1604.28
130 320 36020 0.77 0.27 86.42 1690.70
131 274 36294 0.76 0.28 76.24 1766.94
132 282 36576 0.75 0.29 80.78 1847.72
133 248 36824 0.75 0.29 73.10 1920.83
134 285 37109 0.74 0.30 86.40 2007.22
135 229 37338 0.74 0.31 71.36 2078.58
136 217 37555 0.73 0.32 69.46 2148.04
137 277 37832 0.72 0.33 91.05 2239.09
138 247 38079 0.72 0.34 83.33 2322.42
139 234 38313 0.71 0.35 80.98 2403.40
140 287 38600 0.71 0.35 101.85 2505.26
141 255 38855 0.70 0.36 92.76 2598.02
142 289 39144 0.69 0.37 107.72 2705.74
143 249 39393 0.69 0.38 95.07 2800.81
144 269 39662 0.68 0.39 105.16 2905.97
145 252 39914 0.67 0.40 100.83 3006.80
146 221 40135 0.67 0.41 90.48 3097.28
147 261 40396 0.66 0.42 109.30 3206.58
148 293 40689 0.66 0.43 125.48 3332.06
149 257 40946 0.65 0.44 112.52 3444.58
150 255 41201 0.64 0.45 114.10 3558.68
151 266 41467 0.64 0.46 121.61 3680.29
152 236 41703 0.63 0.47 110.22 3790.50
153 260 41963 0.63 0.48 124.01 3914.51
154 241 42204 0.62 0.49 117.36 4031.87
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Relative (Beer's Law) Running Sum
Number of Intensity of Cone Pixels with of Pixels with
Gray Level Pixels per Running Sum Transmitted of Displacing 100% "Blue- 100% "Blue"
(White=0) Gray Level of Pixel Count Light Fluid Fluid Fluid
155 268 42472 0.61 0.50 133.22 4165.09
156 282 42754 0.61 0.51 143.06 4308.15
157 248 43002 0.60 0.52 128.38 4436.53
158 308 43310 0.60 0.53 162.65 4599.18
159 245 43555 0.59 0.54 131.96 4731.14
160 290 43845 0.58 0.55 159.29 4890.43
161 290 44135 0.58 0.56 162.41 5052.85
162 253 44388 0.57 0.57 144.44 5197.29
163 299 44687 0.56 0.58 174.00 5371.29
164 301 44988 0.56 0.59 178.51 5549.79
165 283 45271 0.55 0.60 171.01 5720.81
166 365 45636 0.55 0.62 224.71 5945.52
167 261 45897 0.54 0.63 163.69 6109.21
168 341 46238 0.53 0.64 217.82 6327.03
169 319 46557 0.53 0.65 207.52 6534.56
170 342 46899 0.52 0.66 226.56 6761.11
171 335 47234 0.52 0.67 225.95 6987.06
172 364 47598 0.51 0.69 249.95 7237.01
173 362 47960 0.50 0.70 253.04 7490.05
174 355 48315 0.50 0.71 252.58 7742.63
175 359 48674 0.49 0.72 259.96 8002.59
176 378 49052 0.48 0.74 278.56 8281.14
177 420 49472 0.48 0.75 314.95 8596.09
178 416 49888 0.47 0.76 317.41 8913.50
179 450 50338 0.47 0.78 349.34 9262.84
180 479 50817 0.46 0.79 378.31 9641.15
181 475 51292 0.45 0.80 381.64 10022.79
182 491 51783 0.45 0.82 401.29 10424.07
183 464 52247 0.44 0.83 385.73 10809.81
184 597 52844 0.44 0.85 504.79 11314.60
185 498 53342 0.43 0.86 428.27 11742.87
186 556 53898 0.42 0.87 486.29 12229.16
187 619 54517 0.42 0.89 550.58 12779.74
188 773 55290 0.41 0.90 699.21 13478.96
189 1005 56295 0.40 0.92 924.45 14403.40
190 1385 57680 0.40 0.94 1295.50 15698.90
191 1457 59137 0.39 0.95 1385.83 17084.74
192 1693 60830 0.39 0.97 1637.43 18722.17
193 1636 62466 0.38 0.98 1608.93 20331.10
194 2288 64754 glmax=194 0.37 1.00 2288.00 22619.10
195 1732 66486 1.00 1732.00 24351.10
196 1836 68322 1.00 1836.00 26187.10
197 1592 69914 1.00 1592.00 27779.10
198 1555 71469 1.00 1555.00 29334.10
199 1427 72896 1.00 1427.00 30761.10
200 1426 74322 1.00 1426.00 32187.10
201 1275 75597 1.00 1275.00 33462.10
202 1432 77029 1.00 1432.00 34894.10
203 1148 78177 1.00 1148.00 36042.10
204 1229 79406 1.00 1229.00 37271.10
205 977 80383 1.00 977.00 38248.10




















































Relative (Beer's Law) Running Sum
Number of Intensity of Cone Pixels with of Pixels with
Pixels per Running Sum Transmitted of Displacing 100% ’Blue" 100% "Blue"
Gray Level of Pixel Count Light Fluid Fluid Fluid
666 81930 1.00 666.00 39795.10
565 82495 1.00 565.00 40360.10
447 82942 1.00 447.00 40807.10
386 83328 1.00 386.00 41193.10
237 83565 1.00 237.00 41430.10
197 83762 1.00 197.00 41627.10
111 83873 1.00 111.00 41738.10
77 83950 1.00 77.00 41815.10
39 83989 1.00 39.00 41854.10
36 84025 1.00 36.00 41890.10
21 84046 1.00 21.00 41911.10
36 84082 1.00 36.00 41947.10
19 84101 1.00 19.00 41966.10
40 84141 1.00 40.00 42006.10
28 84169 1.00 28.00 42034.10
25 84194 1.00 25.00 42059.10
24 84218 1.00 24.00 42083.10
33 84251 1.00 33.00 42116.10
32 84283 1.00 32.00 42148.10
35 84318 1.00 35.00 42183.10
34 84352 1.00 34.00 42217.10
43 84395 1.00 43.00 42260.10
31 84426 1.00 31.00 42291.10
42 84468 1.00 42.00 42333.10
39 84507 1.00 39.00 42372.10
46 84553 1.00 46.00 42418.10
46 84599 1.00 46.00 42464.10
54 84653 1.00 54.00 42518.10
42 84695 1.00 42.00 42560.10
58 84753 1.00 58.00 42618.10
32 84785 1.00 32.00 42650.10
42 84827 1.00 42.00 42692.10
35 84862 1.00 35.00 42727.10
28 84890 1.00 28.00 42755.10
15 84905 1.00 15.00 42770.10
13 84918 1.00 13.00 42783.10
7 84925 1.00 7.00 42790.10
18 84943 1.00 18.00 42808.10
9 84952 1.00 9.00 42817.10
13 84965 1.00 13.00 42830.10
10 84975 1.00 10.00 42840.10
10 84985 1.00 10.00 42850.10
12 84997 1.00 12.00 42862.10
15 85012 1.00 15.00 42877.10
5 85017 1.00 5.00 42882.10
20 85037 1.00 20.00 42902.10
9 85046 1.00 9.00 42911.10
202 85248 1.00 202.00 43113.10
0 85248 1.00 0.00 43113.10
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APPENDIX B
CALCULATION OF RELATIVE PERMEABILITY RATIOS
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TABLE 3
CALCULATION OF RELATIVE PERM EABILITY RATIOS FOR WATER DISPLACING 
10 CP GLYCEROL IN A 1"x4" HORIZONTAL FRACTURE AT 0.03 ml/min
Time Water Recovery of













Two-Point Outflow Face 














CALCULATION OF RELATIVE PERMEABILITY RATIOS FOR WATER DISPLACING 
10 CP GLYCEROL IN A 1"X4"HORIZONTAL FRACTURE 0.01 ml/min
Water Recovery of Two-Point Outflow Face
Time Elapsed Injection 10 CP GLY Fractional Saturation Kg/Kw
min PV PV Flow of Water
0.000 0.000 0.000
3.030 0.279 0.272 0.000
4.183 0.385 0.384 -0.106
4.917 0.452 0.463 0.446 0.221 12.409
6.037 0.555 0.534 0.625 0.356 6.012
7.367 0.677 0.584 0.843 0.459 1.862
9.552 0.878 0.629 0.871 0.548 1.483
11.070 1.018 0.648 0.880 0.565 1.369
12.487 1.148 0.662 0.911 0.609 0.976
14.454 1.329 0.662 0.911 0.645 0.976
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TABLE 5
CALCULATION OF RELATIVE PERMEABILITY RATIOS FOR WATER DISPLACING 
22 CP GLYCEROL IN A 1"X4" HORIZONTAL FRACTURE AT 0.03 ml/min
Time Water Recovery of Two-Point Outflow Face
Elapsed Injection 22 CP GLY Fractional Saturation Kg/Kw
min PV PV Flow of Water
0.000 0.000 0.000
1.100 0.352 0.350 0.000
1.467 0.469 0.463 0.026
1.854 0.593 0.569 0.144 0.253 59.342
2.351 0.752 0.629 0.619 0.372 6.153
2.850 0.912 0.664 0.783 0.379 2.778
3.201 1.024 0.683 0.829 0.388 2.068
3.736 1.196 0.712 0.827 0.464 2.095
4.283 1.371 0.728 0.909 0.590 0.999
4.804 1.538 0.742 0.915 0.600 0.930
5.534 1.771 0.761 0.918 0.606 0.892
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TABLE 6
CALCULATION OF RELATIVE PERMEABILITY RATIOS FOR WATER DISPLACING 
22 CP GLYCEROL IN A 1"X4" HORIZONTAL FRACTURE (0.01 ml/min)
Water Recovery of Two-Point Outflow Face
Time Elapsed, Injection, 22 CP GLY Fractional Saturation Kg/Kw
min PV PV Flow of Water
0.000 0.000 0.000
2.980 0.289 0.287 0.000
4.804 0.465 0.461 0.013
5.330 0.517 0.511 0.026 0.2782 819.100
6.351 0.615 0.555 0.556 0.3277 17.567
7.370 0.714 0.581 0.731 0.3917 8.081
8.367 0.810 0.603 0.766 0.406 6.713
9.354 0.906 0.616 0.869 0.4142 3.320
10.700 1.036 0.632 0.876 0.4188 3.102
T-4203 118
TABLE 7
CALCULATION OF RELATIVE PERMEABILITY RATIOS FOR WATER DISPLACING
3.5 CP KEROSENE IN A 1"X4" HORIZONTAL FRACTURE (0.1 ml/min)
Water Recovery of Two-Point Outflow Face
Time Elapsed, Injection, 3.5 CP GLY Fractional Saturation Kk/Kw
min PV PV Flow of Water
0.000 0.000 0.000
0.136 0.211 0.240 0.000
0.364 0.564 0.550 0.230
0.470 0.729 0.670 0.358 0.096 6.263
0.650 1.008 0.810 0.559 0.550 2.758
0.820 1.271 0.840 0.900 0.770 0.389
1.120 1.736 0.860 0.962 0.847 0.137
1.790 2.775 0.870 0.992 0.907 0.030
2.180 3.380 0.873 0.996 0.923 0.015
2.340 3.628 0.874 0.996 0.923 0.012
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TABLE 8
CALCULATION OF RELATIVE PERMEABILITY RATIOS FOR WATER DISPLACING
3.5 CP GLYCEROL IN A 1"X4" HORIZONTAL FRACTURE (0.1 ml/min)
Time Water Recovery of Two-Point Outflow Face
Elapsed Injection, 3.5 CP GLY Fractional Saturation Kg/Kw
min PV PV Flow of Water
0.000 0.000 0.000
0.251 0.249 0.245 0.000
0.535 0.530 0.523 -0.006
0.688 0.682 0.653 0.129 0.297 23.606
0.784 0.777 0.706 0.436 0.307 4.520
0.901 0.893 0.745 0.654 0.317 1.849
1.019 1.009 0.781 0.686 0.583 1.601
1.219 1.207 0.823 0.785 0.631 0.960
1.368 1.355 0.849 0.823 0.637 0.753
1.620 1.605 0.890 0.835 0.648 0.692
1.917 1.899 0.919 0.899 0.690 0.393
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TABLE 9
CALCULATION OF RELATIVE PERMERMEABILITY RATIOS FOR WATER DISPLACING 
15 CP MINERAL OIL 1"X4" HORIZONTAL FRACTURE (0.1 ml/min)
Time Water Recovery of Two-Point Outflow Face
Elapsed Injection 15 CP GLY Fractional Saturation Kmo/Kw
min PV PV Flow of Water
0.000 0.000 0.000
0.280 0.182 0.184 0.000
0.370 0.240 0.243 0.001
0.601 0.390 0.305 0.590 0.107 10.432
0.971 0.630 0.378 0.698 0.271 6.501
1.202 0.780 0.416 0.752 0.293 4.940
1.554 1.009 0.446 0.869 0.350 2.252
2.104 1.366 0.475 0.920 0.376 1.302
2.535 1.646 0.497 0.923 0.380 1.259
3.021 1.961 0.515 0.943 0.383 0.908
T-4203 121
TABLE 10
CALCULATION OF RELATIVE PERMEABILITY RATIOS FOR WATER DISPLACING 
15 CP GLYCEROL IN A 1"X4” HORIZONTAL FRACTURE (0.1 ml/min)
Time Water Recovery of Two-Point Outflow Face
Elapsed, Injection, 15 CP GLY Fractional Saturation Kg/Kw
min PV PV Flow of Water
0.000 0.000 0.000
0.483 0.314 0.312 0.000
0.654 0.424 0.417 0.045 0.234 315.522
0.787 0.511 0.448 0.639 0.352 8.482
1.036 0.673 0.499 0.645 0.389 8.267
1.335 0.866 0.555 0.743 0.425 5.182
1.938 1.258 0.624 0.822 0.451 3.249
2.203 1.430 0.638 0.922 0.533 1.264
2.734 1.775 0.664 0.924 0.632 1.241
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TABLE 11
CALCULATION OF RELATIVE PERMEABILITY RATIOS FOR WATER DISPLACING 
10 CP GLYCEROL IN A 1"X4" 0.005" GAP FRACTURE (0.03 ml/min)
Time Water Recovery of Two-Point Outflow Face
Elapsed Injection, 10 CP GLY Fractional Saturation Kg/Kw
min PV PV Flow of Water
0.000 0.000 0.000
6.020 0.344 0.328 0.000
9.050 0.518 0.494 -0.007
11.171 0.639 0.608 0.011 0.212 883.678
11.654 0.667 0.633 0.068 0.283 136.094
12.384 0.708 0.640 0.816 0.320 2.250
13.217 0.756 0.643 0.938 0.326 0.658
13.584 0.777 0.644 0.940 0.343 0.639
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TABLE 12
CALCULATION OF RELATIVE PERMEABILITY RATIOS FOR WATER DISPLACING 
22 CP GLYCEROL IN A 1"X4" HORIZONTAL 0.005" FRACTURE (0.03 ml/min)
Time Water Recovery of Two-Point Outflow Face
Elapsed, Injection 22 CP GLY Fractional Saturation Kg/Kw
min PV PV Flow of Water
0.000 0.000 0.000
6.719 0.304 0.307 0.000
8.754 0.396 0.392 0.084
10.320 0.466 0.467 -0.046
12.053 0.545 0.499 0.590 0.195 15.262
13.554 0.613 0.524 0.635 0.337 12.639
14.154 0.640 0.533 0.671 0.365 10.768
14.950 0.676 0.544 0.697 0.365 9.552
15.654 0.708 0.551 0.782 0.365 6.127
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TABLE 13
CALCULATION OF RELELATIVE PERMEABILITY RATIOS FOR WATER DISPLACING 
10 CP GLYCEROL IN A 1/2" X 4" HORIZONTAL FRACTURE. (0.03 ml/min)
Time Recovery of Two-Point Outflow Face
Elapsed Injection 10 CP GLY Fractional Saturation Kg/Kw
min PV PV Flow of Water
0.000 0.000 0.000
0.733 0.383 0.369 0.000
0.969 0.507 0.488 0.002
1.067 0.558 0.530 0.149 0.280 56.954
1.152 0.603 0.548 0.580 0.282 7.251
1.204 0.630 0.558 0.618 0.283 6.173
1.302 0.681 0.575 0.656 0.310 5.251
1.400 0.732 0.592 0.664 0.377 5.065
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TABLE 14
CALCULATION OF RELATIVE PERMEABILITY RATIOS FOR WATER DISPLACING 
10 CP GLYCEROL IN A rX9" HORIZONTAL FRACTURE (0.03 ml/min)
Time Water Recovery of Two-Point Outflow Face
Elapsed Injection, 10CP GLY Fractional Saturation Kg/Kw
min PV PV Flow of Water
0.000 0.000 0.000
0.569 0.116 0.110 0.000
1.220 0.248 0.270 -0.271
2.152 0.438 0.540 -0.499
2.586 0.526 0.598 0.309 22.392
3.038 0.618 0.643 0.485 0.193 10.618
3.400 0.692 0.660 0.757 0.227 3.209
3.801 0.773 0.677 0.781 0.396 2.809
4.170 0.848 0.678 0.986 0.514 0.142
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TABLE 15
CALCULATION OF RELATIVE PERMEABILITY RATIOS FOR WATER DISPLACING 
22 CP IN A 1 /2"X4" HORIZONTAL FRACTURE (0.03 ml/min)
Time Water Recovery of Two-Point Outflow Face
Elapsed Injection, 22CP GLY Fractional Saturation Kg/Kw
min PV PV Flow of Water
0.000 0.000 0.000
0.634 0.309 0.300 0.000
0.821 0.391 0.395 -0.188
0.867 0.422 0.420 0.169 0.349 108.447
1.222 0.595 0.500 0.523 0.380 20.084
1.520 0.740 0.540 0.716 0.420 8.708
1.919 0.934 0.580 0.790 0.435 5.855
2.234 1.088 0.612 0.797 0.447 5.603
2.537 1.235 0.634 0.829 0.448 4.534
2.984 1.453 0.669 0.836 0.458 4.143
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TABLE 16
CALCULATION OF REL PERM RATIOS FOR WATER DISPLACING 
22 CP GLYCEROL 1"X9" HORIZONTAL FRACTURE (0.03 ml/min)
Time Water Recovery of












Two-Point Outflow Face 













CALCULATION OF RELATIVE PERMEABILITY RATIOS FOR WATER DISPLACING 
10 CP IN A 1 "X4" VERTICAL FRACTURE (0.03 ml/min)
Time Water Recovery of













Two-Point Outflow Face 














CALCULATION OF RELATIVE PERMEABILITY RATIOS FOR WATER DISPLACING 
43 CP GLYCEROL IN A 1"X4" VERTICAL FRACTURE (0.03 ml/min)
Time Water Recovery of Two-Point Outflow Face
Elapsed Injection, 43 CP GLY Fractional Saturation Kg/Kw
min PV PV Flow of Water
0.000 0.000 0.000
0.920 0.250 0.233 0.000
1.402 0.380 0.368 -0.106
2.004 0.544 0.453 0.446 0.000 53.360
2.584 0.701 0.508 0.625 0.331 25.851
3.137 0.851 0.530 0.843 0.411 8.005
3.635 0.986 0.546 0.871 0.510 6.376
4.169 1.131 0.563 0.880 0.558 5.887
4.484 1.216 0.570 0.911 0.582 4.197
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TABLE 19
CALCULATION OF RELATIVE PERMEABILITY RATIOS FOR WATER DISPLACING 
43 CP GLYCEROL IN A 1"X4" VERTICAL FRACTURE (0.01 ml/min)
Time Water Recovery of Two-Point Outflow Face
Elapsed Injection 43 CP GLY Fractional Saturation Kg/Kw
min PV PV Flow of Water
0.000 0.000 0.000
1.005 0.122 0.110 0.000
2.280 0.276 0.269 -0.141
3.500 0.424 0.406 -0.024
4.000 0.484 0.461 -0.005
4.700 0.569 0.522 0.204 0.370 167.959
5.007 0.606 0.538 0.527 0.446 38.623
5.650 0.684 0.562 0.658 0.498 22.393
6.150 0.745 0.580 0.680 0.506 20.214
6.780 0.821 0.594 0.784 0.556 11.853
7.300 0.884 0.603 0.858 0.573 7.135
8.000 0.969 0.612 0.871 0.585 6.381
8.820 1.068 0.623 0.882 12.014
9.700 1.174 0.651 0.713 10.291
10.260 1.242 0.670 0.682 20.063
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TABLE 20
CALCULATION OF RELATIVE PERMEABILITY RATIOS FOR 10 CP GLYCEROL 
DISPLACING WATER IN A 1"X4" HORIZONTAL FRACTURE (0.03 ml/min)
Time Water Recovery of Two-Point Outflow Face
Elapsed Injection 1 CP Water Fractional Saturation
min PV PV Flow of Water
0.000 0.000 0.000
1.350 0.470 0.472 0.000
2.435 0.848 0.840 0.030 0.99
3.353 1.168 0.990 0.533 1.000
3.568 1.243 1.000 0.867 1.000







CALCULATION OF RELATIVE PERMEABILITY RATIOS FOR WATER DISPLACING 
5 CP GLYCEROL IN A 1"X4" HORIZONTAL FRACTURE (0.03 ml/min)
Time Water Recovery of Two-Point Outflow Face
Elapsed Injection 5 CP GLY Fractional Saturation Kg/Kw
min PV PV Flow of Water
0.000 0.000 0.000
1.150 0.358 0.354 0.000
1.600 0.498 0.503 -0.074
2.051 0.639 0.610 0.232 0.245 16.545
2.384 0.742 0.662 0.486 0.320 5.284
2.804 0.873 0.710 0.634 0.415 2.882
3.388 1.055 0.747 0.790 0.580 1.329
3.736 1.163 0.767 0.815 0.602 1.134
4.202 1.308 0.779 0.918 0.660 0.447
4.708 1.466 0.789 0.935 0.672 0.346
5.288 1.646 0.800 0.939 0.673 0.323
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TABLE 22
CALCULATION OF RELATIVE PERMEABILITY RATIOS FOR WATER DISPLACING 
5 CP GLYCEROL IN A 1"X4" HORIZONTAL FRACTURE (0.01 ml/min)
Time Water Recovery of Two-Point Outflow Face
Elapsed Injection, 5 CP GLY Fractional Saturation Kg/Kw
min PV PV Flow of Water
0.000 0.000 0.000
3.820 0.331 0.332 0.000
5.500 0.477 0.482 -0.031
6.086 0.528 0.544 -0.219
7.004 0.607 0.619 0.064 0.176 73.307
7.785 0.675 0.652 0.501 0.311 4.971
8.519 0.738 0.676 0.637 0.399 2.844
9.219 0.799 0.697 0.646 0.400 2.738
10.917 0.946 0.738 0.722 0.436 1.927
11.867 1.029 0.754 0.806 0.520 1.204
13.585 1.178 0.782 0.815 0.560 1.135
